ABSTRACT: The earth is now subject to climate change and habitat deterioration on unprecedented scales. Monitoring climate change and habitat loss alone is insufficient if we are to understand the effects of these factors on complex biological communities. It is therefore important to identify bioindicator taxa that show measurable responses to climate change and habitat loss and that reflect wider-scale impacts on the biota of interest. We argue that bats have enormous potential as bioindicators: they show taxonomic stability, trends in their populations can be monitored, short-and longterm effects on populations can be measured and they are distributed widely around the globe. Because insectivorous bats occupy high trophic levels, they are sensitive to accumulations of pesticides and other toxins, and changes in their abundance may reflect changes in populations of arthropod prey species. Bats provide several ecosystem services, and hence reflect the status of the plant populations on which they feed and pollinate as well as the productivity of insect communities. Bat populations are affected by a wide range of stressors that affect many other taxa. In particular, changes in bat numbers or activity can be related to climate change (including extremes of drought, heat, cold and precipitation, cyclones and sea level rise), deterioration of water quality, agricultural intensification, loss and fragmentation of forests, fatalities at wind turbines, disease, pesticide use and overhunting. There is an urgent need to implement a global network for monitoring bat populations so their role as bioindicators can be used to its full potential.
INTRODUCTION
On a global scale, the structure and functionality of ecosystems are changing at an unprecedented rate (NRC 2001 , 2003 , Soares-Filho et al. 2006 , primarily as a consequence of human activities associated with the provisioning of food and fibre, or the emission of greenhouse gases and use of carbon-based resources for energy production (Vitousek et al. 1997 , Tilman et al. 2001 , Hooper et al. 2005 . Indeed, as human populations continue to expand in size and become increasingly urban in nature, such environmental problems promise to become even more exacerbated (Pimm et al. 1995 , Thomas et al. 2004 , Soares-Filho et al. 2006 , Kareiva et al. 2007 . At the same time, the magnitude of change around the globe is quite variable, as is the nature of the human activities that alter and fragment landscapes (Sala et al. 2000) .
From the perspective of biota, 2 distinctly different kinds of global change are critical to understand and monitor. The first involves alteration of conditions associated with global climate change (Hughes 2000 , Walther et al. 2002 , Parmesan & Yohe 2003 , Rosenzweig et al. 2007 ). This manifests as altered regional patterns of precipitation and temperature, including disturbance regimes (e.g. frequency and intensity of tropical storms or drought). The second involves conversion of natural habitats to those managed to directly or indirectly support humans, such as forestry, agriculture, industry and urbanization (Vitousek et al. 1997 , Foley et al. 2005 . Conversion ultimately reduces the extent and increases the fragmentation of natural habitats (Turner et al. 2001 , Fahrig 2003 . Taken together, global climate change and habitat conversion may threaten the long-term persistence of many species of plants and animals, alter distributional patterns at global and regional levels and result in local assemblages of species that are quite different from those that currently constitute coevolved communities (Wilcox & Murphy 1985 , McCarty 2001 , Walther et al. 2002 , Parmesan 2006 .
Monitoring global climatic change and habitat conversion is not sufficient for understanding or managing the consequences of human activity on biological systems. Biological systems are geographically variable, inherently complex and comprise a multitude of interacting species. They likely respond in non-linear and scale-dependent fashions to aspects of global change, and may do so in idiosyncratic manners associated with the unique assemblages of species that they comprise (Levin 1992 , Allen & Hoekstra 1993 , With & Crist 1995 . Thus, a broad-scale network of monitoring that captures local, regional and global components of the earth's biota is critical for understanding and forecasting responses to climate change and habitat conversion, as well as managing natural resources in a longterm, sustainable fashion.
In this paper we argue that bats are ideal indicators of human-induced climate change and habitat quality (Fig. 1). (1) We discuss features that define good bioindicator taxa. (2) We review characteristics of bats that make them ideally suited as bioindicators. (3) We present case studies where bats have been used successfully as bioindicators. We identify some of the major sources of environmental stress to which bats are subjected, and argue that some of the major stressors that have an impact on biodiversity in general also have major impacts on bat populations, emphasising their potential suitability as bioindicators. We conclude by identifying the need for implementation of largescale monitoring schemes using bats as bioindicators.
INDICATOR TAXA FOR ECOLOGICAL MONITORING AND BATS AS BIOINDICATORS

Types of bioindicators
It is important to recognise the distinction between biodiversity, ecological and environmental indicators. Biodiversity indicators capture responses of a range of taxa and reflect components of biological diversity such as species richness and species diversity. Ecological indicators consist of taxa or assemblages that are sensitive to identified environmental stress factors that demonstrate the effect of those stress factors on biota, and whose responses reflect responses of at least a subset of other taxa present in the habitat. Environmental indicators respond in predictable ways to specific environmental disturbances (McGeoch 1998) . Ideal biodiversity indicators may not exist because taxa often respond to environmental stressors in different ways. Nevertheless, indicators that represent responses over a range of trophic levels (e.g. insectivores and insect prey, pollinators and pollinated plants) can represent the effects of environmental degradation on specific ecological processes, and bats can thus have important roles as ecological indicators. Bats can also be important environmental indicators because they are sensitive to a wide range of environmental stresses to which they respond in predictable ways ( Fig. 1) . Additionally, the wide range of food sources exploited by bats allows them to be used as indicators for a wide range of environmental stressors. • Sensitive to urbanisation (e.g. lighting, traffic noise, roost loss)
• Sensitive to changes in water quality (e.g. eutrophication, sewage treatment)
• Affected by agricultural intensification (e.g. boundary loss, pesticide use)
• Populations and community structure influenced by deforestation
• Roosts lost due to sea level change • Sensitive to heavy metal pollution Why bats?
• Taxonomy relatively stable
• Can be sampled at several levels (e.g. populations, feeding rates of individuals)
• Wide geographic range
• Graded responses to habitat degradation correlated with responses of other taxa (e.g. insects)
• Rich trophic diversity • Slow reproductive rates mean population declines can be rapid
• Perform key ecosystem services (e.g. pollination, fruit dispersal, arthropod control)
• Reservoirs of a wide range of emerging infectious diseases whose epidemiology may reflect environmental stress Responses to environmental stressors Monitoring natural populations can have a variety of goals and the decision on which group of species to use as indicators must be influenced by the goals of the monitoring programme (McGeoch 1998 , Caro & O'Doherty 1999 , Moreno et al. 2007 ). Monitoring ecosystem health, for example, to identify the nature or source of pollution would require a different set of indicator species (environmental indicators) to those for monitoring the effects of habitat loss on patterns of species richness (biodiversity indicators) or on ecological processes (ecological indicators) (McGeoch 1998) . Thus, before a monitoring programme begins and indicator species are selected, the goals and scale of the programme must be clearly formulated (McGeoch 1998 , Caro & O'Doherty 1999 , Moreno et al. 2007 .
Biodiversity indicator species have characteristics that can be used as an index of attributes (e.g. presence/absence, population density and relative abundance) of other species comprising the biota of interest (Landres et al. 1988) . Biodiversity indicator taxa are thus surrogates for an entire biota in which species richness or the lack of human resources (e.g. time, money and trained personnel) preclude monitoring the fate of all taxa (Moreno et al. 2007 ) as a means of monitoring human-induced environmental degradation. If indicator taxa are to be suitable surrogates for a diverse array of taxa, they should possess a suite of characteristics that are rarely found in any single species (Spector & Forsyth 1998) . Thus, a small number of indicator species are often used as surrogates (Caro & O'Doherty 1999) . These species collectively must have characteristics that make them easy to identify (stable taxonomy), be easy to sample, be widely distributed geographically, show graded responses to habitat degradation and these responses should be correlated with the responses of other taxa (Spector & Forsyth 1998 , Moreno et al. 2007 . They also represent the biota of interest as well as the variety of functional groups comprising it. Their natural history should be well-known so that the broader implications of changes in their abundance, and the significance of their correlations with other taxa or environmental variables, could be used to evaluate the status of the entire community (Moreno et al. 2007 ).
Characteristics of bioindicator taxa
Indicator species should have sufficient taxonomic stability (low rate of species invalidation through synonymy) to permit their accurate and consistent identification (Pearson & Cassola 1992) . The tools and personnel associated with such identification (e.g. identification keys and taxonomists) must be reliable and readily available. It is essential that a significant portion of the population of an indicator species can be sampled quickly and, with reasonable effort, on a regular basis. Such sampling must yield relative or absolute abundance data so that a profile of the species assemblages can be compared (Spector & Forsyth 1998) ; presence/absence data will not provide information on the shifts in relative abundance necessary for monitoring environmental change (Spector & Forsyth 1998) . It is also important that assemblage composition can be easily characterized in terms of species as well as guilds or ensembles (e.g. those associated with foraging, dietary habits or roosting) to isolate the ecological factors causing shifts in relative abundance.
Environmental degradation can occur over a variety of scales (e.g. changes in land use such as agricultural intensification) resulting in very localized or widespread impacts. Species with highly restricted ranges may be adequate to monitor such changes and would allow the location of the source of pollution or disturbance with greater accuracy (Caro & O'Doherty 1999) . However, due to the globalization of human economic activity, threats to biodiversity are increasingly acting on a global scale. Monitoring the impacts of such threats through indicator species requires that the chosen species have broad geographic ranges (Spector & Forsyth 1998) . Bats, as volant taxa, fulfill this criterion better than most other taxa.
As urbanization expands into previously unoccupied landscapes, habitat loss or degradation and its monitoring become increasingly important. Indicator species should thus be sensitive to habitat loss or degradation but should show a graded response over long time-periods (Spector & Forsyth 1998) . Such indicator species allow the detection of disturbance while providing an opportunity to redress its cause. A graded response would also provide insight into the severity of the disturbance. Taxa that are too sensitive and become locally extinct over a short time are unsuitable because they would not allow the detection of changes in relative abundance and, at best, monitoring would only reveal presence at some time and absence at another. Indicator taxa that are too insensitive to habitat degradation, on the other hand, would show no change, even as sensitive species go extinct or their habitats become severely degraded.
Related to a sensitive and graded response is the correlation of the response of the indicator species with responses by other species (Spector & Forsyth 1998 , Moreno et al. 2007 . Such a response is essential for biodiversity indicator taxa, but not for environmental indicators. Response correlations may be positive or negative, but correct interpretation is dependent on knowledge of the natural history of the species involved (Moreno et al. 2007 ).
Taxa used as bioindicators
Invertebrates are most commonly used as indicators (McGeoch 2007 , Moreno et al. 2007 ). Insects are favoured as indicator taxa because they comprise a large proportion of terrestrial species richness, are often habitat specialists, are sensitive to small-scale heterogeneity (Hill 1996 , Niemela et al. 1996 and play a significant role in ecosystem functions (McGeoch 2007) . However, the use of insects as indicator species is not always straightforward because many species remain undescribed or are in need of taxonomic revision (Spector & Forsyth 1998) . Moreover, insects can be difficult to sample quickly and efficiently. Instead, entomologists have advocated the use of subsets of certain insect taxa, such as dung beetles, based on ease of sampling and response to habitat gradients (Spector & Forsyth 1998 , McGeoch et al. 2002 .
Birds are useful biological indicators (Gregory et al. 2005) , especially at the edges of urban areas, because they are ecologically versatile and can be monitored relatively easily and cheaply (Koskimies 1989) . They are also highly mobile and therefore can respond rapidly to changes in their habitat (Fuller et al. 1995a , Louette et al. 1995 . It is at the edges of urban areas, where habitat structure is often highly fragmented, that relationships between humans and bird assemblages are easiest to study (Cody 1985) . Thus, birds have long been used as both environmental (e.g. Kushlan 1993 , Alleva et al. 2006 ) and biodiversity indicators (e.g. Reynaud & Thioulouse 2000) .
Why bats?
Bats are excellent indicator taxa and thus have been used as ecological indicators of habitat quality (Wickramasinghe et al. 2003 , Kalcounis-Rueppell et al. 2007 . Bats are also sensitive to human-induced changes to ecosystems (Fenton et al. 1992 , Estrada et al. 1993 , Medellín et al. 2000 , Moreno & Halffter 2000 , Estrada & Coates-Estrada 2001a , b, Clarke et al. 2005a ,b, Hayes & Loeb 2007 , Kunz et al. 2007 ). However, in neotropical coffee plantations bats showed modification in their guild (or ensemble) structure, but the species composition did not change with the alteration of habitat from undisturbed cloud forest to coffee plantations. Species composition of both frogs and dung beetles changed across the same habitat gradients (Pineda et al. 2005) . Similarly, although bat activity was significantly different between organic and conventional farms in southern England and Wales, species composition was not (Wickramasinghe et al. 2003) . Thus, caution is necessary when selecting groups of species as indicators and sampling should be conducted at the appropriate level (i.e. species versus ensemble) and with appropriate units (i.e. activity versus species richness).
Insectivorous bats occupy higher trophic levels and would be excellent indicators owing to the relationship between contaminant and/or environmental disturbance and trophic levels (Alleva et al. 2006) . Dietary accumulation and metabolic capacity increases at higher positions in the food chain, and insectivorous bats are likely to show the consequences of pollutants before organisms at lower trophic levels such as herbivorous insects or birds. The slow reproductive rates of bats mean that populations take a long time to recover from declines, and although population declines take longer to detect, trends are less subject to noise that may confound patterns in short-term studies of fast reproducing taxa such as insects. Although bat populations can be monitored directly to assess longterm population changes (Walsh et al. 2001 ), shortterm impacts on insectivorous bats can be quantified by monitoring 'feeding buzzes' -increases in the rate of emission of echolocation calls as bats home in on insect prey (Griffin et al. 1960) .
With respect to other criteria that make groups of species suitable indicators, the taxonomy of bats is mostly stable, at least at the species level. Although the genera of some bat species have been changed (Kearney et al. 2002 , Simmons 2005 , relatively few species names have been altered. However, several new cryptic species have recently been discovered (Jones & Van Parijs 1993 , Kingston et al. 2001 , Mayer & von Helversen 2001 , Kiefer et al. 2002 , Kingston & Rossiter 2004 , Jacobs et al. 2006 and there are likely to be more as bat research increases. However, this problem is relatively minor (compared to insects or birds with their greater diversity) and is easily circumvented by the careful choice of indicator species.
Unfortunately, few studies have tested the suitability of bats as indicator species with respect to the other criteria (e.g. correlation of bat responses to habitat disturbance with those of other species). Thus it is important to appreciate that although bats may have great potential as indicator species, other indicator taxa that exploit ecosystem services in complimentary ways should also be incorporated in monitoring programmes (e.g. Pocock & Jennings 2008) . Similarly, a variety of methods have to be used to sample bats efficiently and completely (Flaquer et al. 2007 , MacSwiney et al. 2008 and sampling methods involving capture can be labour-intensive and time-consuming (Hayes et al. 2009 , Kunz et al. 2009a ). Cost-effectiveness can be an important criterion in determining the practical feasibility of long-term surveys of potential indicator taxa (Gardner et al. 2008) . Although bat surveys can involve high capital costs and intensive training, advances in acoustic technology mean that acoustic monitoring of insectivorous bat assemblages should become increasingly efficient and affordable (Parsons & Szewczak 2009 ). Moreover, methods for surveying many species, including frugivorous and nectar-feeding taxa, involve low-cost trapping methods such as the use of mist-nets and harp traps (Kunz et al. 2009b) .
Measuring bioindicator sensitivity
Attention should also be paid to how best to assess sensitivity. Sensitivity is often measured by quantifying differences in abundance or density, for example in disturbed versus non-disturbed habitats. However, abundance may not always be a suitable measure of sensitivity. If competition occurs for the best quality habitats (e.g. those that generate highest foraging returns) and they are limited in availability, a small number of highly competitive individuals may exist in the best habitats, with large numbers of subdominants relegated to lower quality areas (van Horne 1983) . For example, the presence of large numbers of male bats at high elevation sites supports the hypothesis that the best quality lowland sites are monopolised by breeding females and perhaps by high-quality males (Barclay 1991, Russo 2002 , Senior et al. 2005 , Cryan & Veilleux 2007 , Cryan & Diehl 2009 .
Any study of bioindicators should assess whether abundance or density is a valid indicator of sensitivity (Hayes et al. 2009 , Kunz et al. 2009a . Competitive effects may occur between as well as within species. For example, in forest fragments in French Guiana, the smaller Artibeus obscurus appears to be relegated to fragmented habitats by A. jamaicensis, which excludes A. obscurus from continuous forest (Henry et al. 2007 ). The sex ratio of A. obscurus is significantly malebiased in fragments, and haematocrits (a proxy of physiological condition) were significantly lower in fragments compared with continuous forest. Thus sex ratios and physiological measures may be better indicators of sensitivity to habitat disruption than measures of abundance or densities in some circumstances.
THE IMPORTANCE OF BATS IN ECOSYSTEMS
The extensive taxonomic and functional diversity of bats makes them well suited as bioindicators , Simmons & Conway 2003 . Indeed, bats are among the most diverse and geographically dispersed group of living mammals. They form some of the largest non-human aggregations of mammals, and may be among the most abundant groups of mammals when measured in numbers of individuals , O'Shea & Bogan 2003 ; only members of the order Rodentia exceed bats in number of species, and over 1116 species of bats have been described (Simmons 2005) . Powered flight sets bats apart from other mammals, and this most likely has been an important factor contributing to their widespread distribution and diversity (Kunz & Fenton 2003) . Living bats are known from all continents except Antarctica and their distribution ranges from the southern tip of South America to northern Scandinavia (Kunz & Pierson 1994 . They are absent only from polar regions and some isolated oceanic islands. Powered flight has also contributed to their extraordinary feeding and roosting habits, reproductive strategies and social behaviours , Simmons & Conway 2003 . Roosting habitats include foliage, caves, rock crevices, hollow trees, crevices beneath exfoliating bark and an assortment of man-made structures (Kunz 1982 , Kunz & Lumsden 2003 , Kunz & Reynolds 2003 . Their rich dietary diversity, which includes insects, fruits, leaves, flowers, nectar, pollen, seeds, fish, frogs, other vertebrates and blood, is unparalleled among the orders of living mammals (Kunz & Pierson 1994 , Simmons & Conway 2003 .
Bats are important in terms of their ecological and economic roles. Because bats fill such a wide array of ecological niches, they offer an important multisensory role in assessing ecosystem health. Old World pteropodids and New World phyllostomids are important pollinators and seed dispersers for a number of ecologically and economically important plants (Fujita & Tuttle 1991 , Kunz & Pierson 1994 , Kunz 1996 , Hodgkison et al. 2003 . The New World plant-visiting bat Leptonycteris curasoae appears to be the major pollinator of 2 primary cactus species of the Sonoran Desert, the cardon and organ pipe cactuses (Fleming & Valiente-Banuet 2002 , Molina-Freaner et al. 2004 ). The Old World bats Rousettus aegypticaus, Epomophorus wahlbergi and Eidolon helvum pollinate flowers of the baobab tree, an economically important species in the African savannah (Kunz 1996) . On faunally depauperate oceanic islands, pteropodids are often the sole pollinators of plants that are known to have multiple pollinators on mainland areas, and they are often the only vertebrates large enough to carry large-seeded fruits (Fleming & Racey 2009 ). Thus, in these assemblages, plant-visiting bats may fulfill keystone roles in structuring local forest communities. As frequent dispersers of pioneer species such as Solanum and Piper, bats are important for the revegetation of cleared areas (Kelm et al. 2008) . Over 186 paleotropical plant species utilized by flying foxes (Pteropus) have been identified as being of economic importance to people for a variety of products, including food, medicines, dyes, fibers, ornamental plants, and timber (Fujita & Tuttle 1991) . For example, pteropodids are the primary pollinators of 2 plant species that are extremely important to the local economies of Southeast Asia, durian Durio zibethinus and petai Parkia speciosa and P. javanica, and thus play vital roles in both pollination and seed dispersal of a number of valuable timber species (Start & Marshall 1976) .
Insectivorous species are the primary consumers of nocturnal insects. Given the relatively large volumes consumed (up to 100% of body mass per night, e.g. Kurta et al. 1989 ) and the long distances travelled (several km per night), these bats are thought to play a major role in suppressing nocturnal insect populations and transporting nutrients across the landscape, particularly from stream corridors to tree roosts (Pierson 1998) . Indeed, experiments show that bat exclusion reduces the numbers of arthropods and hence limits herbivory more than bird exclusion in neotropical forests (Kalka et al. 2008) . Similar exclusions also show that bats significantly reduce arthropod numbers in coffee plantations, especially during the wet season (Williams-Guillén et al. 2008) . Although mosquitoes are often touted as an important dietary item of some insectivorous bats, the overwhelming numbers and diversity of insects eaten by bats are represented by other groups, namely lepidopterans, coleopterans, homopterans, hemipterans and trichopterans (Anthony & Kunz 1977 , Whitaker 1993 , 1995 , Agosta 2002 , Agosta & Morton 2003 . Bats are predators on a number of economically important insects, including cucumber beetles, June bugs, corn earworm moths, cotton bollworm moths, tobacco budworm moths and Jerusalem crickets (Whitaker 1995 , Lee & McCracken 2005 , which are important agricultural pests on such crops as corn, cotton and potatoes (Whitaker 1993 , Cleveland et al. 2006 . Extrapolations based on data from the Winter Garden region of south-central Texas suggest that the presence of large numbers of Brazilian free-tailed bats Tadarida brasiliensis can reduce the influence of insect herbivory from cotton boll worms and corn earworms on a transcontinental scale. With a few exceptions, the model suggests that both genetically engineered (Bt) and conventional cotton production is more profitable when large numbers of insectivorous bats are present (Cleveland et al. 2006 , Federico et al. 2008 .
BAT POPULATIONS UNDER THREAT
Bat populations can be readily monitored over long time periods, as shown for example by the UK's National Bat Monitoring Programme (NBMP) implemented by the Bat Conservation Trust. This programme has been operating since 1995 and uses a combination of standardized counting methodsincluding roost counts, hibernation counts and bat detector surveys -to assess the relative abundance of a number of bat species in the UK (Walsh et al. 2001) . The NBMP has shown that trends in bat populations can be statistically identified from data collected through standardized monitoring schemes.
Bat populations appear to be declining almost everywhere in the world, presumably in response to a series of environmental stresses, many of which are induced by humans. Several species have apparently become extinct, including the pteropodids Pteropus brunneus from Australia, P. pilosus from Palau, P. subniger from the Mascarene Islands, P. tokudae from Guam, Mystacina robusta from New Zealand and Nyctophilus howensis from Lord Howe Island (Kunz & Pierson 1994) . For many other species, ranges are contracting, numbers are declining and only remnant populations remain. Species in decline probably include the pteropodids Aproteles bulmerae in Papua New Guinea, P. mariannus in Guam and Emballonura semicaudata on several Pacific islands, Eumops glaucinus in the USA, Rhinolophus hipposideros and Rhinolophus ferrumequinum in much of Europe (Kunz & Pierson 1994) . Coleura seychellensis now has a population estimated at only 100 ind. in the Seychelles (Bambini et al. 2006) . Other species usually considered abundant have also experienced declines. For example, the numbers of Pipistrellus sp., the most common bats in Britain, decreased by 62% according to roost counts between 1978 and 1987 (Stebbings 1988 .
Hence bats are taxonomically and functionally diverse, often abundant, global in distribution and provide key ecosystem services. Population declines suggest that bats are affected by environmental stressors, and that monitoring of their populations may give insight into the importance of these stressors in a more general context. We now review specific case studies that illustrate the potentially important roles that bats can play as bioindicators, emphasizing mechanisms that might drive population declines.
ENVIRONMENTAL STRESSORS AFFECTING BAT POPULATIONS
Global climate change
There is broad consensus that we are currently in a period of rapid and global climate change, and that the impact of these changes can already be observed in a range of ecosystems (e.g. Parmesan & Yohe 2003) . Not only are global temperatures increasing, some meteorological events are becoming more extreme, such as the number of days with exceptionally heavy precipitation in North America (Peterson et al. 2008) . Global climate change is likely to have multiple impacts on bats. Newson et al. (in press) gave 3 examples of how monitoring bat populations could be used as effective indicators of the effects of climate change on migratory species. Monitoring bats in European hibernacula, populations of the straw-coloured fruit bat Eidolon helvum in Africa and Brazilian free-tailed bats Tadarida brasiliensis at maternity roosts in North America were considered to be valuable potential indicators of negative effects of climate change. Some specific effects of extreme climatic events are highlighted below.
Incremental increases in temperature:
physiological impacts
The reproductive cycle of temperate zone bats is closely linked to their pattern of hibernation (Racey & Entwistle 2000) . Temperate species mate in autumn and winter and spermatozoa are stored in the female reproductive tract until spring. If bats experience warm conditions and a supply of food in the second half of winter, they will arouse from hibernation prematurely, ovulate and become pregnant. Experimentally, the timing of births can be altered by up to 3 mo by manipulating environmental conditions (Racey 1972) . Conversely, if bats experience periods of inclement weather associated with food shortages during pregnancy, they will become torpid and the gestation period is extended (Racey 1973 , Racey & Swift 1981 . The ability of bats to halt, speed up or slow down the rate of foetal growth is unique among mammals (Racey 1982) . Given this extreme dependence on external temperatures and food supply, the timing of reproductive cycles of temperate bats is likely to be significantly affected by climate change. In greater horseshoe bats Rhinolophus ferrumequinum, birth timing was significantly correlated with spring temperature, with young being born earlier after warmer springs; births were approximately 18 d earlier when spring temperatures rose by 2°C (Ransome & McOwat 1994) . To date, however, the only documented example of extreme disruption of the timing of reproductive events has been the pregnancies and births reported for the mouse-eared bat Myotis myotis in December in the Doñana Reserve in southern Spain. These occurred 6 mo before the usual birth period for this pan-European species (Ibáñez 1997) .
In captivity, spermatozoa stored in the female reproductive tract lose their viability if the bats are not provided with conditions suitable for hibernation (Racey 1972 , Racey & Entwistle 2000 . If unsuitable hibernation conditions similarly affect bats in the wild, and males in particular (which also store spermatozoa in their epididymis), their reproductive success may be compromised.
The predicted decrease in frequency or even the disappearance of extreme cold winters may result in a reduced period of hibernation, increased winter activity and reduced reliance on the relatively stable temperatures of underground hibernation sites. An earlier spring would presumably also result in a shorter hibernation period and hence the earlier appearance of foraging bats. If sufficient food is available, an earlier emergence from hibernation may have no detrimental effect on population size. However, the occurrence of later periods of cold weather could inflict significant mortality. Over 2 decades ago, before climate change became a matter of concern, Avery (1985) showed that, over a 3 yr period, pipistrelles (Pipistrellus spp.) appeared over a fenland foraging site in every winter month and on a third of all winter nights. Many temperate bats species already feed regularly during the winter months, and are likely to adapt to warmer winters by increasing activity further. Such warmer weather may lead to increased availability of flying insects when the temperature rises above the threshold for insect flight (ca. 10°C). Climate change is predicted to change energetic demands during hibernation and hence alter the distribution of hibernating species (Humphries et al. 2002) . Large die-offs (≤ 75% at some hibernacula) of bats in the genus Myotis have been reported in caves and mines in the northeastern USA, termed white-nose syndrome because a white fungus is apparent in the muzzle of dead and moribund bats (Blehert et al. 2009) (Fig. 2) . The fungus is phylogenetically related to Geomyces spp. and grows on the muzzles, ears and wing membranes of affected bats. No causal pathogen ultimately responsible for the die-offs has yet been identified; however, unusually warm and erratic winters may have affected the food supply or hibernal cycle of these bats and pesticides may also be involved in weakening their immune system (Locke 2008) . Bats, in this case, may be viewed as a mammalian analogue to the canary in a coal mine, warning of impending ecological stress (canaries were used to detect gases such as carbon monoxide in coal mines in Britain until 1986 because of their sensitivity to odourless but lethal carbon monoxide gas).
Incremental increases in temperature: range shifts
Climate change may also cause changes in the distribution of bats both at local and global levels. La Val (2004) analysed capture data for bats in the Monteverde Cloud Forest in the Tilaran Mountains of Costa Rica over a 27 yr period. Although capture rates did not change significantly, at least 24 species previously associated with the lowlands were recorded at high elevations during this period. La Val (2004) attributed this shift in distribution to climate change as well as forest clearance and an increase in area of secondary forest.
Pipistrellus kuhlii, a bat species typically associated with Mediterranean regions of Europe, has undergone a substantial northward range shift over the past 15 yr. The species is now found in several countries in central and eastern Europe, and its northward range expansion may be the result of sustained recent increases in global temperature (Sachanowicz et al. 2006) . Because bats are volant they can potentially shift ranges relatively rapidly, and so changes in their distribution may be valuable indicators of climate change.
Extreme drought and cold: Miniopterus bassani
In 2006, South Australia experienced the driest year on record, with the lowest rainfall since records began in 1869, at less than half the annual average, and no surface water in any of the wetlands. This presumably reduced the insect food supply available to the southern bent-winged bat Miniopterus bassani, the entire population of which depends on 2 maternity sites in the area. In addition, the minimum ambient temperature in October 2006 fell below 5°C on 18 occasions, and on 7 of these it fell below zero. In November, temperatures fell to 5°C or below on 5 occasions and in December they fell to 2°C or below on 5 occasions. Over 300 pups were dead or dying in early December, and overall deaths were estimated at 500. Such mortality is likely to have a significant effect on the population, which had already declined from 100 000 to 65 000 since the 1960s (Bourne & Hamilton-Smith 2007) .
Extreme heat: Pteropus alecto and P. poliocephalus
On 12 January 2002 in northern New South Wales, ambient temperatures of over 42°C resulted in the deaths of over 3500 individuals in 9 mixed-species colonies of Pteropus alecto and P. poliocephalus. In one colony alone, 5 to 6% of the bats present died from hyperthermia. The temperature extreme had a greater effect on the tropical black flying fox P. alecto, 10 to 13% of which died, compared with <1% of the more temperate grey-headed flying fox P. poliocephalus. Mortality mainly affected dependent young (23 to 49% of deaths) followed by adult females (10 to 15%) and < 3% of adult males (Welbergen et al. 2008) .
This closely observed event led to documentation of similar occurrences, and it became apparent that more than 30 000 Pteropus spp. have died during 19 temperature extremes, 24 500 of which were P. poliocephalus (listed as Vulnerable in Australia). P. alecto was relatively less affected because most die-offs occurred below its southern distribution limit. However, the fact that this limit is increasing southward also increases the likelihood of die-offs occurring in this species (Welbergen et al. 2008 ).
Cyclones
The increased frequency of extreme weather events (hurricanes and typhoons) in the tropics has a marked deleterious effect on bat populations, particularly those that roost in trees on islands, as a direct consequence of tree loss and by increased hunting by island inhabitants experiencing food shortages.
Cyclones in the western Indian Ocean have long threatened endemic pteropodids such as Pteropus rodricensis in the Mascarene Islands, the population of which was halved by a single cyclone (Carroll 1988 ). In the Samoan Islands, the populations of P. samoensis and P. tonganus declined by 80 to 90% as a result of cyclones in the early 1990s (Craig et al. 1994) . These cyclones had a differential impact on the 2 species, reflecting differences in habitat use and susceptibility to hunting (Pierson et al. 1996) .
Such differential effects also have been documented in the Caribbean where Hurricane Hugo (1989) significantly reduced populations of the dominant frugivore Artibeus jamaicensis, which were slower to recover than those of Brachyphylla cavernarum, so that the latter dominated the frugivore ensemble 5 yr after the hurricane (Pedersen et al. 2009 ). The species-specific effects of hurricanes are further revealed by Gannon & Willig (2009) for the bats of Puerto Rico. The rate of recovery of cave-roosting A. jamaicensis populations depended on the severity of the hurricane. Recovery occurred more rapidly after Hurricane Hugo (1989, category 5) than after Hurricane Georges (1998, category 3), likely because A. jamaicensis benefits from the proliferation of the pioneer plant species on which it feeds (Fig. 3) . In contrast, populations of the tree-roosting Stenoderma rufum declined gradually after Hurricane Hugo and appeared to suffer far more from subsequent alteration of the habitat than from direct hurricane mortality.
Other possible effects of climate change
Bats may also be affected by other factors involved in climate change, although evidence to date is somewhat anecdotal. Extreme precipitation may depress foraging activity and lead to desertion of the young (Bat Conservation Trust 2007). Additionally, sea level rise may reduce access to some cave roosts, such as those on the Kenyan coast, where the entrances to coastal caves are presently partially submerged (McWilliam 1982) .
Bat populations are likely to be affected directly by climate change, but may also suffer from indirect effects as changes in the means of energy production occur in response to the need to reduce carbon emissions. In particular, the development of wind energy facilities in Australia, Europe and North America has led to unexpectedly large numbers of migratory bats being killed (Brinkman 2006 , Kunz et al. 2007 , NRC 2007 , Arnett et al. 2007 , 2008 , Baerwald et al. 2008 ). Efforts are needed to find ways to reduce the impacts of these facilities on bats, either by developing acoustic deterrents or by increasing the turbine cut-in speed (the wind speed at which electricity enters the power grid) during migratory periods (Kunz et al. 2007 , NRC 2007 . Recent research in Canada and Germany has indicated that bat fatalities can be reduced significantly when turbine cut-in speeds are increased slightly (E. B. Arnett, R. M. R. Barclay, O. Behr pers. comm.).
Habitat and landscape change
Habitat change has affected bats in many ways. Below we review the roles of several of the key anthropogenic changes that have occurred recently, especially focusing on urbanisation, changes in water quality, agricultural intensification, forest disturbance and roost loss.
Urbanisation, industrialisation and heavy metal pollution
Changes in land-use practices may also affect the species composition of local and regional ecosystems, especially those associated with conditions and structures of urbanisation (Rydell 1992 , Keeley & Tuttle 1999 , Kunz & Reynolds 2003 . Light pollution might affect bats in different ways. For example, emergence may be extended and infant growth retarded by house lights in some slow-flying bat species adapted to more forested habitats (Boldogh et al. 2007 ). In contrast, some populations adapted to foraging in open spaces (e.g. Pipistrellus spp. in western Europe) may benefit from feeding on insects attracted to streetlights. Arlettaz et al. (2000) suggested that this increase may have contributed to the decline in Rhinolophus hipposideros, which rely on the same categories of insect prey -namely dipterans and lepidopterans. The increasing use of bridges and buildings, including houses designed specifically for bats, has led to changes in geographic distributions and local population densities of some bat species (Tuttle & Hensley 1993 , Kunz & Reynolds 2003 . Consequently, some species that formerly only roosted in caves and tree cavities on a seasonal basis have become more abundant and occupied some roosts on a yearly basis (Kunz 1982 , Kunz & Reynolds 2003 , Ormsbee et al. 2007 ). The longterm consequences of this shift in roosting habits on local species composition in temperate and tropical ecosystems remain to be determined, especially given the relatively ephemeral nature of these human interventions.
Bats may also be negatively affected by recent increases in road traffic. Greater mouse-eared bats Myotis myotis spend less time foraging when subjected to traffic noise in laboratory conditions, presumably because the noise masks rustling noises made by moving insects that these bats normally detect by passive listening (Schaub et al. 2008) . Bats may also be killed by collisions with motor vehicles on busy roads (Russell et al. in press, this Theme Section).
Pollution by heavy metals is often associated with urbanisation. Cadmium, lead and mercury are the most commonly reported heavy metals associated with toxic effects on wildlife (O'Shea & Johnson 2009). High concentrations of cadmium have been reported in the guano of gray bats Myotis grisescens in the USA (Clark 1988a,b) . Several studies have reported mercury concentrations in insectivorous bats (O'Shea & Johnson 2009) but none have determined the concentration of methyl mercury. When methylated, often through microbial processes, mercury becomes highly toxic and concentrates through food webs to a greater extent than in its elemental form. Lead poisoning has been well-documented in both wild and captive Old World fruit bats based on lead concentrations in target organs, histopathology, morbidity and mortality (Zook et al. 1970 , Sutton & Wilson 1983 , Skerratt et al. 1998 ).
Concentrations of other heavy metals and toxic elements have been reported in bats, but only in a few cases have shown harmful effects (O'Shea & Johnson 2009).
Water quality Riparian habitats are prime foraging areas for insectivorous bats (e.g. Vaughan et al. 1996 , Fukui et al. 2006 ; these rivers and lakes support large numbers of insects. However, deterioration in water quality may occur because of agricultural runoff and industrial pollution (Mason 1997) . High input of organic matter and toxins such as ammonia into water courses from sewage treatment plants may lead to eutrophication that can in turn affect the invertebrate community in rivers. For example, the biomass and diversity of insects emerging from rivers is lower downstream of sewage outputs (Whitehurst & Lindsey 1990) . Vaughan et al. (1996) measured bat activity above and below sewage outfalls as a model system to test the hypothesis that widespread declines in water quality may reduce bat activity. Sites downstream of sewage outputs had overall 11% fewer bat passes and 28% fewer buzzes than upstream sites; the reduction in activity was especially noticeable in Pipistrellus (Vaughan et al. 1996) . Myotis had higher feeding activity downstream (Vaughan et al. 1996) , possibly reflecting the presence of pollution-tolerant insects such as some chironomid species that may benefit from eutrophication (Mason 1997) . Vaughan et al. (1996) showed that deterioration in water quality can have negative impacts on bat activity and foraging, highlighting that bats can be used as bioindicators of water quality and long-term declines in water quality may have contributed to declines in bat populations in Britain. Kalcounis-Rueppell et al. (2007) investigated the effects of effluent from a wastewater treatment plant (WWTP) on foraging activities of bats and insect abundance along urban streams in North Carolina, USA. More bat passes of Eptesicus fuscus (a habitat generalist) were recorded upstream of the WWTP, whereas activity of Perimyotis subflavus (a riparian habitat specialist) was higher downstream, suggesting that P. subflavus may be tolerant of or even benefit from anthropogenic input into the watershed which may increase the availability of some prey groups (Kalcounis- Rueppell et al. 2007) .
There is little evidence that eutrophication of fresh waters is harmful to bats; in fact it may be responsible for the apparent increases in populations of Myotis daubentonii in Europe (Kokurewicz 1995). In a study designed to test this hypothesis, Racey et al. (1998) found little difference between the numbers of bats and insects foraging over a small eutrophic river and a large oligotrophic one. Park & Cristinacce (2006) investigated the effect on foraging bats of phasing out percolating filter beds, which provide breeding opportunities for dipterans, in favour of activated sludge, for treating human sewage. They demonstrated that the biomass of insects and activity of Pipistrellus spp. were significantly higher at filter beds than at activated sludge systems, and suggested that the current preference for the latter is likely to reduce the value of treatment works as foraging sites for bats.
Agricultural intensification and pesticide use
Changes in agricultural practices are occurring worldwide, and intensification is ongoing as the human population increases in number. Most research on the effects of agricultural intensification has been performed in developed nations, though the impacts of intensification will no doubt be felt on a global scale.
Agricultural intensification is recognised as having had major detrimental effects on biodiversity in western Europe since the mid-20th century (Robinson & Sutherland 2002) . The effects of agricultural intensification can be large in scale. For example, 76% of the land in Britain is currently used for agriculture. Intensification involves the increased production of agricultural commodities per unit area (Donald et al. 2001) and involves processes such as increased mechanisation and the use of synthetic chemical fertilizers and pesticides. Traditional rotations in farm management have declined, and hedgerows and field margins have been removed (Robinson & Sutherland 2002) . The effects of agricultural intensification have been marked for granivorous birds: 24 of 28 farmland bird species declined between 1970 and 1990 (Fuller et al. 1995b) . Increased pesticide use can further reduce food available for insectivorous bats, and the removal of hedgerows and field margins will take away valuable foraging and commuting habitats, as well as reducing the availability of important habitats for their prey (Fig. 4) . Thus, it has been hypothesised that agricultural intensification is a major cause of the declines in bat populations in Europe during the latter half of the 20th century (Stebbings 1988) .
Long-term historical data are not available to test this hypothesis directly, but an indirect test is possible by comparing the abundance of nocturnal insects and the activity and foraging rates of bats on contemporary organic and conventional farms. In organic farming, the use of synthetic fertilizers, pesticides, genetically engineered seeds, growth regulators and food additives for livestock are excluded. Comparisons between matched pairs of organic and conventional farms are therefore useful for investigating the impact of agricultural intensification on biodiversity.
Nocturnal insect abundance, species richness and moth species diversity were higher on organic farms than on their matched conventional counterparts (Wickramasinghe et al. 2004 ). Five of the major insect prey groups eaten by bats (carabid beetles, noctuid moths, geometrid moths and chironomid and ceratopogonid flies) were more abundant on organic farms (Wickramasinghe et al. 2004) . These data suggest that the prey base of nocturnal insects available for bats is depleted on conventional compared with organic farms, thus, providing support for findings from other studies that show increased numbers and diversity of other insect taxa on organic farms (Bengtsson et al. 2005 , Fuller et al. 2005 , Hole et al. 2005 . Moreover, bat activity was 61% higher and foraging activity (counts of feeding buzzes) was 84% higher on organic farms than on conventional ones (Wickramasinghe et al. 2003) . Species composition was similar in both situations, although horseshoe bats Rhinolophus spp. were only detected on organic farms (Wickramasinghe et al. 2003) . The study emphasised that bats are likely victims of agricultural change and important bioindicators of intensification that can also track changes in their ecologically important prey base. The finding of increased bat activity on organic farms was also determined in an independent study by Fuller et al. (2005) .
Understanding the mechanisms contributing to these trends is important. Although the paired organic and conventional farms in the study by Wickramasinghe et al. (2003) were matched as closely as possible and were similar in their areas of pastoral, arable, woodland and water habitats, in habitat richness and in farm size, organic farms had significantly higher hedgerows. Thus, it was unclear whether hedgerow structure or agrochemical use was the important characteristic driving differences in bat activity and insect abundance between the 2 farm types. Notwithstanding, bats and their insect prey respond in similar ways to differences in agricultural practice, suggesting that changes in bat populations may reflect more widespread biotic change.
Possible mechanisms driving these differences were investigated further by Pocock & Jennings (2008) who documented differences in the sensitivity (measured by the difference of log counts at paired sites) of insectivorous mammals and their prey to proxies of intensification (representing use of agrochemicals, the switch in grass production from hay to silage and boundary loss). Bats were especially sensitive to boundary loss, suggesting that hedgerow differences may be an important driver of their reduced activity and feeding rates on conventional farms (Pocock & Jennings 2008) . Hedgerows are important commuting routes for bats (Verboom & Huitema 1997 , Downs & Racey 2006 ) and serve as shelterbelts where swarms of aerial insects congregate (Lewis & Dibley 1970) , forming food patches for bats. Insects were more sensitive to increased agrochemical input than were their mammalian predators (including bats) (Pocock & Jennings 2008) . The latter authors (2008) emphasised that different taxa respond in different ways to specific aspects of intensification, and the choice of suitable bioindicators should be made with care. Indeed, the sensitivity of a taxon to one aspect of intensification is often a poor predictor of its sensitivity to another. It is clear that no single taxon can be an indicator of all aspects of intensification, further indicating that bioindicator studies in response to agricultural intensification require studies involving multiple taxa (Pocock & Jennings 2008) .
Pesticide use is also an important component of agricultural intensification. Although the primary purpose 12 Fig. 4 . Bats are sensitive to the effects of agricultural intensification. Many hay meadows rich in plant species such as this one on an organic farm (a) have been replaced by intensively managed silage in Great Britain (b). Bat activity and counts of feeding buzzes were found to be higher on organic than conventional farms (Wickramasinghe et al. 2003) , and horseshoe bats such as Rhinolophus ferrumequinum (c) were only recorded on organic farms surveyed. Photos:
(a, b) N. Jennings; (c) G. Jones of agricultural pesticides is the reduction of insect numbers, direct evidence that such reduction in insect food supply limits the populations of insectivorous bats is not available. There is, however, direct evidence that agricultural pesticides ingested with insects carry sublethal levels that were responsible for heavy mortality of Tadarida brasiliensis in New Mexico (Geluso et al. 1976 , 1979 , Clark 1981 . Pesticides are mobilized during lactation and transferred in the milk to the young that die as a result (Geluso et al. 1981) . Jefferies (1972) showed that bats taken from one of the most intensively farmed areas of the UK were more heavily contaminated with residues of DDT than were either insectivorous or carnivorous birds. Laboratory experiments showed that bats were more sensitive to DDT than were other mammals, and it was metabolized more slowly in bats than in passerine birds. Bats carried one-third of the lethal level of organochlorine insecticides, but this rose to close to lethal levels following hibernation. These results suggest that organochlorine residues could have caused population declines in bats (Jefferies 1972) .
In the USA, many endangered Myotis grisescens were found dead with lethal brain levels of Dieldrin in 2 colonies (Clark et al. 1978a) , and high levels of DDT found in skin samples have been linked to the decline of Tadarida brasiliensis at Carlsbad Caverns, New Mexico during the 1950s and 1960s (Clark 2001) . In Australia, high tissue levels of DDT were detected in Miniopterus schreibersii, even in young bats that had not left the maternity roosts. Such high levels of DDT were the suspected cause of several mass die-offs in this species (Dunsmore et al. 1974) . However, in Spain, Hernández et al. (1993) found that chlorinated hydrocarbon residues in bats were at much lower concentrations than the estimated lower lethal levels.
Historically, chlorinated hydrocarbons were used to exclude bats from buildings in the USA, but this increased mortality of adults and volant young when fat stores were metabolized (Kunz et al. 1977 , Clark et al. 1978b . Similarly, these pesticides have been used as remedial timber treatments within roof spaces and have led to the deaths of bats roosting there (Voûte 1981 , Racey & Swift 1986 ). In the USA and the UK, owing largely to pressure from conservationists and environmentalists, most of these highly toxic chemicals have been replaced by synthetic pyrethroids and other alternatives with much lower mammalian toxicity (Racey 2000) . Although Clark (1981 Clark ( , 1988a suggested that pesticides might have subtle but important effects on bat physiology, the sublethal effects of chlorinated hydrocarbons have rarely been documented (Swanepoel et al. 1999) . The residues of such pesticides are also commonly found in the tissues of bats in the developing world (McWilliam 1994) .
In recent years, synthetic pyrethroid insecticides have become increasingly used to control insect pests (Hirano 1989 , O'Shea & Clark 2002 . Pyrethroid compounds were initially extracted from chrysanthemum flowers in the 1800s, but most are now manufactured in several different synthetic forms. Most are lipophilic, highly toxic to aquatic organisms and are rapidly metabolized. They appear to exhibit low toxicity in laboratory mammals (Peterle 1991) . Pyrethroids are neurotoxic and the mode of action resembles that of the organochlorine DDT. However, some pyrethroids may persist in the environment and adversely affect bats, particularly chlorinated forms such as cypermethrin (Clark & Shore 2001) . Apart from the work of Racey & Swift (1986) there has been little research on the effects of pyrethroids on bats or their insect prey. With the growing use of these compounds, research should be undertaken to explore their direct impact on bats and the insects upon which bats feed (O'Shea & Johnson 2009 ).
Deforestation
Rapid rates of deforestation are of major conservation concern, especially in tropical environments (Ewers 2006) . Most research on the effects of disturbance on bats in tropical forests has been conducted in the neotropics, and some of the key findings are highlighted below.
Latitudinal gradients of biodiversity in New World bats are quite steep with regard to taxonomic (Willig & Selcer 1989 , Willig & Sandlin 1991 , Stevens & Willig 2002 , functional and phenetic (Stevens et al. 2006) components, all attaining maxima in equatorial regions. The family Phyllostomidae differentially contributes to these patterns, as it is the most diverse bat family in the neotropics (Rex et al. 2008) . Phyllostomids eat nectar, pollen, fruit, insects, small vertebrates and even blood (Gardner 1977) . Their diversity and differential dependence on forested environments potentially makes them key indicators of disturbance in neotropical forests (Fig. 5) . Fenton et al. (1992) captured species in the subfamily Phyllostominae (whose species eat mainly animals, though sometimes they eat more fruit than animals) more often in forested than in deforested sites in Mexico, and considered phyllostomine bats as suitable indicators of habitat disruption caused by deforestation. They also related vegetation structure to the richness and diversity of bat communities in Mexican rainforests, and showed that species richness, the number of rare species and diversity were all positively associated with vegetation indices that were suggestive of low levels of forest disturbance. These results corrobo-rate the value of the species in this subfamily as bioindicators of habitat disruption in neotropical forests. Indeed, many phyllostomine bats are specialised in dietary and roosting habits, and thus a large number of species may reflect a wider range of niche dimensions than are available in undisturbed habitats (Kalko et al. 1996 , Kalko 1998 , Medellín et al. 2000 , Kalko & Handley 2001 . Willig et al. (2007) documented population-level responses of 24 common phyllostomid bats to habitat alteration in lowland Amazonia in the environs of Iquitos, Peru. In this region, like in much of the western Amazon, human disturbance (Maki et al. 2001 ) primarily parallels navigable rivers and roads, where understory vegetation is removed and most of the trees are felled and burned prior to planting with pineapple, plantain or manioc. The resultant agricultural clearings (chacras) are generally small in extent (~1 ha). They are farmed until the soil is no longer fertile, after which they are abandoned and regenerate into early successional forest (purma). Frugivorous species dominated chacra, purma and undisturbed forest habitats ). Nonetheless, 8 phyllostomid species responded to habitat conversion. Four (Phyllostomus discolor, Sturnira lilium, S. tildae, and Uroderma bilobatum) attained highest abundances in chacra. Two species (Tonatia saurophila and Mesophylla macconnelli) attained highest abundances in mature forest, and Carollia benkeithi was most abundant in purma. Carollia sp. attained higher abundances in purma and chacra than in mature forest. In a comparison of temporal activity among the 3 habitat types for the 8 most common phyllostomids, Presley et al. (2009) found no differences between closed forest and purma, but significant differences between agricultural (chacra) and forested (purma and closed canopy site) areas for 5 species (Artibeus lituratus, A. obscurus, A. planirostris, C. perspicillata and R. pumilio) . Taken together, these results suggest that bats maybe sensitive bioindicators of anthropogenic activities because their abundances and behaviours are affected by disturbance and recovery processes even at small spatial scales.
It is important to appreciate that the level of disturbance may affect patterns of species richness and diversity in neotropical forests, and probably in other ecosystems as well. Moderate levels of disturbance in some neotropical forests may increase habitat heterogeneity and thus may increase bat diversity (Gorresen & Willig 2004) . Responses to fragmentation also differ among guilds: in Guatemala large frugivorous bats formed a higher proportion of the nightly catch in continuous forest, whereas small frugivores were proportionally more abundant in fragments. Thus, the relative abundances of these 2 ensembles, which feed on large fruits of mature trees and small fruits that occur in early successional changes respectively, may allow a rapid assessment of forest disturbance (Schulze et al. 2000) . More recently, Klingbeil & Willig (2009) showed that population-level responses to fragmentation in lowland Amazonia (peri-Iquitos area) by frugivorous bats (e.g. stenodermatines) differed from that of gleaning animalivores (e.g. phyllostomines). Frugivores responded to compositional metrics (i.e. forest cover, patch density, mean patch size and patch diversity), whereas gleaning animalivores responded to configurational metrics (i.e. edge density, mean patch shape, mean proximity, mean nearest neighbour distance). Moreover, indices of community structure (e.g. species richness, evenness, dominance, diversity and rarity) only responded to configurational metrics.
Studies of bats suggest that low impact logging in lowland Amazonia (Tapajos National Forest of Brazil) might represent a sustainable use of tropical forests for timber extraction without appreciable negative effects on the bat fauna (Castro-Arellano et al. 2007 , Presley et al. 2008 . Although compositional (species abundance distributions) and structural (rank abundance distributions) aspects of assemblages differed between cut and control forests, most of the differences could be attributed to the decrease in relative abundance of Carollia perspicillata and the increase in relative abundance of Artibeus lituratus in cut forest compared to control forest. However, the number of rare species in cut forest was much less than that in control forest (i.e. loss of 13 species). If sufficient primary forest exists in close vicinity to these managed areas, rescue effects will likely countermand local extinctions. Thus, these studies document the differential responses of bats at the level of populations, ensembles and assemblages to anthropogenic disturbance, and suggest that population and community metrics would be useful as bioindicators of even subtle changes associated with the removal of <19 m 3 of tree biomass per hectare.
Roost loss
Timber harvesting and agricultural practices have adversely affected bat populations in many parts of the world (Lacki et al. 2007 ). Clearing of rainforests or temperate-zone old-growth forests (with selective harvesting of snags) has resulted in the loss of crevice, cavity and foliage roosts, as well as important foraging habitats. Consequences are likely to be most serious for species such as the neotropical Vampyrum spectrum or the North American Lasionycteris noctivagans, which appear to require tree hollows for roosting (Kunz & Lumsden 2003 , Barclay & Kurta 2007 . Several species that in the past most likely occupied hollow trees now regularly use man-made structures, where they are often not welcome and may face exclusion or eradication. Man-made structures such as barns are being converted into living spaces at a rapid rate (Kunz & Reynolds 2003) , and caves and mines often experience high levels of disturbance from tourism.
Hunting
Although hunting of pteropodids for food is widespread (Mickleburgh et al. 2009 ), there have been few attempts to harvest bats sustainably (Halstead 1977) . Overhunting has resulted in the extinction of Pteropus subniger in Mauritius and Réunion (Cheke & Dahl 1981) and has contributed to the local extinction of a dozen other congeners from Indo-Pacific islands (Rainey 1998) . Hunting continues to be a key threat to pteropodids (Fig. 6) , including species on islands in the Indian and Pacific Oceans such as P. rufus , Wiles & Brooke 2009 ).
Human consumption remains a major factor affecting bat populations on Indo-Pacific islands and in adjacent areas of Asia, a practice that has led to international trade in fruit bats into Guam and the adjacent Commonwealth of the Northern Marianas (CNMI) (Rainey 1998 , Wiles 1992 . Hunting by Guamanians reduced the population of Pteropus mariannus on the island to a few hundred individuals within the confines of the US military base and, perhaps, contributed to the extinction of P. tokudae. In Palau, P. mariannus was intensively harvested until 1994, with between 10 000 and 16 000 bats exported annually to Guam and the CNMI (Wiles et al. 1997) . Brooke & Tschapka (2002) documented the unsustainable hunting of P. tonganus on Niue Island in the South Pacific, stemming from the belief of islanders that taboo areas on the island, which they did not enter, harboured an inexhaustible supply of bats, >1500 of which were shot when the population was estimated at between 2000 and 4000 ind. Jenkins & Racey (2008) reported that although the endemic Pteropus rufus, Eidolon dupreanum, Rousettus madagascariensis and Hipposideros commersoni were the most commonly eaten bats in Madagascar, a wide range of small insectivorous bats also are taken, and the high harvesting represents a serious threat to local populations. The killing of the molossid Cheiromeles torquatus for food in Borneo is also causing serious concern , and the unsustainable exploitation of insectivorous bats for food in Laos has been described by Francis et al. (1999) , with thousands of Tadarida being harvested during exit from a cave and then subsequently smoked for sale. In one instance, 3000 ind. were sold to occupants of a single passing truck.
Disease
High fatalities observed in bats, if associated with diseases, may provide an early warning of environmental links among contamination, disease prevalence and mortality. Increased environmental stress can suppress the immune systems of bats and other animals, and thus one might predict that the increased prevalence of diseases is a consequence of altered environments. Bats are reservoirs of several pathogens whose spread may be related to physiological stress associated with habitat loss or alteration (Fenton et al. 2006 ). The recent die-offs of bats presenting with white-nose syndrome (Blehert et al. 2009 ) may relate to increased levels of environmental stress, perhaps as a consequence of increased arousals and hence energetic stress during hibernation, rendering the bats susceptible to fungal infection.
In their comprehensive review of viral infections of bats, Messenger et al. (2003) noted that infectious disease has rarely been documented as a large-scale cause of mortality in any bat population and thus is seldom mentioned as a major issue. This contrasts with the situation in birds where, for example, the impact of West Nile virus on North American populations has recently been documented (LaDeau et al. 2007 ). Messenger et al. (2003) noted the few documented cases of bat mortality in which disease has been implicated. For example, several thousand Tadarida brasiliensis died in Carlsbad Caverns, New Mexico in August 1955 and 1956 ; the fact that half of the 20 bats sampled in 1955 were rabies-positive led to the hypothesis that rabies was the overall cause of mortality (Burns et al. 1956 ). However, inclement weather during migration was subsequently linked to the deaths in 1956 (Constantine 1967) . The only other mass mortality attributed to rabies was several hundred Epomops dobsoni in southern Africa, 10 to 15% of which were confirmed to be infected with Lagos bat virus (King et al. 1994) . Pierson & Rainey (1992) described episodes of apparent epidemic disease in Pacific flying fox populations, including mass deaths of Pteropus mariannus in Micronesia in the 1930s at the same time as measles affected the human population. An epidemic of unknown aetiology was also suspected of depleting populations of P. tonganus in Fiji during the 1940s. More recent episodes occurred on the Admiralty Islands when many P. neohibernicus were found dead in 1985 (Flannery 1989 ); a similar incident involved P. rayneri in the Solomon Islands.
Since Messenger et al. (2003) reviewed the subject, Calisher et al. (2006 Calisher et al. ( , 2008 have updated the list of viruses isolated from bats, Breed et al. (2006) have reviewed the association between henipariviruses and bats, Harris et al. (2006) have reviewed the prevalence of European bat lyssaviruses and Demma et al. (2009) have summarized recent information on the prevalence of rabies and other diseases associated with bats. Other studies have reported the occurrence of antibodies to SARS-like coronaviruses in several species of rhinolophids in China (Lau et al. 2005 and to Nipah, Hendra and Tioman viruses in the 3 endemic Malagasy pteropodids (Lehlé et al. 2007 ). Evidence of asymptomatic Ebola virus infections has been found in 3 species of pteropodids in West Africa (Leroy et al. 2005) . Most of these studies have been driven by concerns about the health of humans, great apes or livestock and little evidence has emerged about the effects of virus infections on the bats themselves, although some fitness costs must be assumed. The most important fact to emerge, however, is that the same bats may be seropositive to rabies-like viruses in successive years and the disease is not necessarily fatal in these animals (O'Shea & Bogan 2003 , Amengual et al. 2007 ).
Bats represent a potential epidemiologic reservoir of transmission of leptospirosis to humans, especially in the tropical Amazon. Indeed, a diverse group of leptospires occurs in peri-Iquitos bat populations including Leptospira interrogans (5 clones), L. kirschneri (1 clone), L. borgpetersenii (4 clones), L. fainei (1 clone) and 2 previously undescribed leptospiral species (8 clones) (Matthias et al. 2005) . The detection in bats of the L. interrogans serovar Icterohemorrhagiae, a leptospire typically maintained by peridomestic rats, suggests a rodent -bat infection cycle in Iquitos. The maintenance of a genetically diverse group of leptospires in bats suggests that they may be capable of transmitting leptospirosis to humans, and thus species of public health concern in the tropics (Bharti et al. 2003) .
Mass deaths of Miniopterus schreibersii were reported in caves across southern France in 2002, extending into Spain and Portugal. Although the extent of mortality was thought to have reduced the population by 60 to 65%, the cause was unclear, although herpes virus was isolated from bat lungs (Roue & Nemoz 2004) . Other bat species inhabiting the caves were thought to be unaffected (Roue & Nemoz 2004) . More recently, 8 novel herpes viruses have been isolated from 7 European bat species (Wibbelt et al. 2007) . Although half the bats examined showed signs of pneumonia, none of the viruses could be related consistently to a pulmonary lesion, although an aetiological association between the 2 could not be excluded. Bats are reservoirs of several diseases that can be fatal to humans, including rabies and Ebola (Messenger et al. 2003) . Bat populations may come into increasing contact with humans as habitat is destroyed and human populations encroach into pristine habitats, increasing the risk of spillover of infections into humans. An increased incidence of disease in bats may therefore be an important bioindicator of habitat degradation in general.
CONCLUSIONS
Bats are excellent indicators of human-induced changes in climate and habitat quality. They show functional and taxonomic diversity and are widely distributed. Many bats fulfill vital ecosystem services, and declines in bat populations often reflect features of habitat deterioration that have impacts on a wide range of taxa. Bat populations show responses to environmental stressors ranging from alterations in habitat quality to climate change as well as direct exploitation. They are reservoirs of a wide range of diseases whose spread and spillover may be related to habitat deterioration and climate change. Bats have taxonomic stability, and can be monitored by a range of methods (Kunz & Parsons 2009 ). The importance of bats as bioindicators is already being recognised. For example, in May 2008 the UK government adopted bats into their suite of biodiversity indicators of the sustainability of lifestyles to meet targets under the Convention on Biological Diversity. EUROBATS has a 'Bats as Indicators' Intersessional Working Group that aims to take forward opportunities to use bats as biodiversity indicators. It is now time to 'seize the night' and to develop a global monitoring programme for bat populations, involving standardised methodology that can be applied in both New and Old World situations, so that the value of bats as bioindicators can be fully realised. 
